Abstract. We examined the regulatory mechanisms of the affinity of Gq protein-coupled histamine H 1 -receptors for histamine after histamine pretreatment in intact human U373 MG astrocytoma cells. In control cells, the displacement curves for histamine against the binding of 5 nM /calmodulin-dependent protein kinase II, but they were completely inhibited either by 0.4 mM ZnCl 2 , an inhibitor of G protein-coupled receptor kinases (GRKs), or under hypertonic conditions, where clathrin-mediated endocytosis is known to be inhibited. These results suggest that histamineinduced conversion of high to low affinity sites for histamine is predominantly regulated by GRK/ clathrin-mediated internalization of H 1 -receptors in human astrocytoma cells.
Introduction
The super-family of G protein-coupled receptors (GPCRs) is the largest plasma membrane receptor family and plays important roles in the regulation of cellular responses (1, 2) . Upon stimulation with agonist, almost every GPCR undergoes a process of agonist-induced desensitization, internalization, and down-regulation. General mechanisms for these processes have been considered to be as follows (3 -5) : agonist-occupied receptors are phosphorylated by G protein-coupled receptor kinases (GRKs) and then arrestins bind to GRK-phosphorylated receptors to uncouple the receptors from G proteins. Arrestins also act as clathrin adaptors for subsequent internalization of the receptor complex via the formation of clathrin-coated pits. Internalized receptors are then targeted to either recycling (resensitization) or degradation (down-regulation) pathways. Although such mechanisms of agonist-induced changes in GPCRs have been well examined, it is less understood how the affinity of GPCRs for agonist is regulated.
Gq protein-coupled and Ca
2+
-mobilizing histamine H 1 -receptors are involved in a variety of physiological, pathophysiological, and pharmacological aspects, including allergy in peripheral tissues and awakening in the central nervous system (6, 7) . Although the mechanisms of agonist-induced desensitization of H 1 -receptors have been investigated (8 -23) , analyses of the regulatory mechanisms of the agonist affinity for H 1 -receptors during the desensitizing process are extremely limited (16) . We have found in human astrocytoma cells that the high affinity site for histamine was transiently converted to a low affinity site within 1 min (initial stage) upon stimulation with histamine in a manner dependent on the activities of Ca 2+ /calmodulin-dependent protein kinase II (CaM kinase II) and protein phosphatase 2B (PP2B); however, the mechanisms responsible for the subsequent phase of sustained conversion of high to low affinity sites remained unclear. We herein present evidence that the agonist affinity for H 1 -receptors is predominantly regulated by their internalization at a later stage and that H 1 -receptors retained their affinity for histamine when their internalization is inhibited.
Materials and Methods

Materials
ZnCl 2 was purchased from Wako Pure Chemicals Industries (Osaka), [pyridinyl-5- 3 H]mepyramine was from PerkinElmer (Waltham, MA, USA), and other materials were from Sigma (St. Louis, MO, USA). Pirdonium was a generous gift from Dr. J.M. Young (Department of Pharmacology, University of Cambridge, Cambridge, UK) and Prof. H. Timmerman (Department of Pharmacochemistry, Free University of Amsterdam, Amsterdam, Netherlands).
Cell preparation
Human U373 MG astrocytoma cells (National Culture Collection, Porton Down, Salisbury, UK) were cultured in 150-cm 2 culture flasks as described previously (24) . Dissociated cells were suspended in normal HEPES buffer (120 mM NaCl, 5.4 mM KCl, 1.6 mM MgCl 2 , 1.8 mM CaCl 2 , 11 mM D-glucose, and 25 mM HEPES, pH 7.4 at 37°C) and kept at 37°C for 30 min for equilibration. The cells (circa 1 × 10 7 cells/ml) were incubated with or without 0.1 mM histamine for 30 min at 37°C in normal HEPES buffer in the presence or absence of 0.4 mM ZnCl 2 or 30 μM KN-62. In experiments on the effect of hypertonic medium, cells were treated with or without 0.1 mM histamine for 30 min in normal and hypertonic HEPES buffer (320 mM sucrose was added to normal HEPES buffer). Control and histamine-pretreated cell suspensions were then diluted 6-fold with ice-cold HEPES medium and centrifuged at 220 × g for 5 min. The cells were washed by suspending in 30 ml ice-cold medium and centrifuging at 220 × g for 5 min, before resuspending in 4.7 ml ice-cold medium. The protein content of each cell suspension was determined at this stage. ]mepyramine/HEPES medium. The reaction mixture was diluted 4-fold with ice-cold normal HEPES buffer and centrifuged at 220 × g for 5 min at 4°C. The cells were resuspended in 3 ml ice-cold buffer and the suspension was filtered through Whatman GF/B glass fiber filters (pre-soaked for at least 3 h in 0.3% polyethylenimine) using a 24-place cell harvester ( Brandel, Gaithersburg, MD, USA). The filters were transferred to scintillation vial inserts, 3 ml scintillator added, and the vials allowed to stand for at least 2 h before determination of tritium by scintillation counting. All determinations were made in quadruplicate. Whole cell protein was determined using a BCA protein assay kit (Pierce, Rockford, IL, USA).
Measurement of
Membrane preparation
Dissociated cells (circa 1 × 10 7 cells/ml) were incubated with or without 0.1 mM histamine for 30 min at 37°C in normal HEPES buffer, as described above. Control and histamine-treated cell suspensions were then diluted 6-fold with ice-cold HEPES medium and centrifuged at 220 × g for 5 min. The cells were washed by suspending in 30 ml ice-cold medium and centrifuging at 220 × g for 5 min, before resuspending in 20 ml ice-cold lysis buffer (1 mM Tris, 2 mM EDTA, pH 7.4 at 37°C). The cells were homogenized with Polytron PT-10 operated 3 times at a power setting of 6. Homogenate was centrifuged at 1,000 × g for 10 min at 4°C and the supernatant was centrifuged at 100,000 × g for 60 min at 4°C. The pellet was resuspended in 4.7 ml ice-cold normal HEPES buffer. The protein content of each membrane preparation was determined at this stage. ]mepyramine/HEPES medium. The reaction mixture was filtered through Whatman GF/B glass fiber filters, and the radioactivity trapped on the filters was counted by a scintillation counter as described above.
Measurement
Data analyses
All the data are presented as the mean ± S.E.M. of at least three measurements performed in quadruplicate. Statistical significance was evaluated by Student's t-test.
A value of P < 0.05 was considered significant.
In saturation experiments, the number of histamine H 1 -receptors was determined by fitting (KaleidaGraph; Synergy Software, Reading, PA, USA) the pirdoniumsensitive binding of In displacement experiments, the high and low affinity sites for histamine were determined by fitting ( KaleidaGraph) the displacement curves for histamine to the two-site model: The values of pIC50 and % indicate −log[IC50 (M)] and maximal binding of histamine to high and low affinity sites, respectively, estimated from their inhibition curves against 5 nM [ 3 H]mepyramine binding as described in Materials and Methods. Each value is the mean ± S.E.M. *P < 0.05, **P < 0.01: compared with the control.
Results
Histamine-induced changes in histamine binding to intact cells
† P < 0.05, † † P < 0.01: compared with none.
Effects of ZnCl 2 and KN-62on histamine-induced changes in histamine binding to intact cells
Since protein kinases, such as GRKs and/or Ca 2+ /CaM kinase II, are thought to be involved in the desensitization of histamine H 1 -receptors (13, 16, 20, 21, 23) , we next examined the effects of ZnCl 2 and KN-62, which are known to inhibit GRKs (25 -27) and CaM kinase II (28) , respectively, on histamine-induced changes in histamine binding to intact cells. Histamine-induced changes in displacement curves for histamine were completely inhibited by the presence of 0.4 mM ZnCl 2 , but not at all by the presence of 30 μM KN-62, during histamine pretreatment (Fig. 2 , Table 1 : KN-62 and ZnCl 2 ).
Effects of ZnCl 2 on histamine-induced internalization of H 1 -receptors
Since GRKs are known to be involved in receptor internalization (1 -5), we next evaluated the effects of ZnCl 2 on histamine-induced loss of the cell surface H 1 -receptors, which was determined by [ 
Effects of hypertonic conditions on histamine-induced changes in histamine binding to intact cells
To elucidate further whether histamine-induced changes in the binding of histamine might be caused by internalization of H 1 -receptors, we next evaluated the effects of hypertonic conditions, under which clathrinmediated endocytosis is known to be inhibited (29 -31), on histamine-induced changes in histamine binding to intact cells. Histamine-induced changes in the displacement curves for histamine were completely inhibited under 320 mM sucrose-containing hypertonic conditions ( Fig. 4; Table 1 , hypertonic).
Histamine-induced changes in histamine binding to membrane preparations
To elucidate whether histamine-induced changes in histamine binding in intact cells might be retained even in membrane preparations, we evaluated histamineinduced changes in histamine binding to membrane preparations. Figure 5a shows the displacement curves for histamine against the binding of (Fig. 5b, none) . Furthermore, the binding of [ 3 H]mepyramine to the filters was inhibited by histamine at higher concentrations ( Fig. 5b) with binding parameters similar to those of the low affinity binding sites for histamine in membrane-containing preparations (Table 3 , none). 
Effects of GppNHp on histamine binding to membrane preparations
To elucidate whether G proteins are involved in regulation of the affinity of histamine for H 1 -receptors via formation of the high affinity ternary complex of agonist / receptor / G protein, we evaluated the effects of 50 μM GppNHp, which uncouples receptors from G proteins via sustained activation of G proteins (32) , on the binding of histamine to membrane preparations. The displacement curves for histamine against the binding of 
Discussion
Internalization-dependent conversion of the high affinity site for histamine to the low affinity site in intact cells
In this study, histamine-induced changes in histamine binding were determined using displacement analysis against the binding of percentage of low affinity sites, the high affinity site for histamine appeared to be converted to the low affinity site by histamine pretreatment. It is considered that histamine-induced conversion is predominantly induced by distributional changes in H 1 -receptors via their internalization, since histamine-induced conversion was completely inhibited by ZnCl 2 or under hypertonic conditions. It is most likely that limited access of histamine to intracellular H 1 -receptors through the membrane barriers resulted in internalization-mediated changes in the binding of histamine in intact cells. This assumption might be strengthened by the observation that histamine-induced changes as seen in intact cells became obscure in membrane preparations.
As mentioned above, the high and low affinity sites for histamine in intact cells appear to be H 1 -receptors on the cell surface and intracellularly located ones, respectively. However, in the case of experiments using membrane preparations, the high and low affinity sites for histamine appear to be H 1 -receptors and non-specific binding to glass fiber filters, respectively, since [ 3 H]mepyramine was revealed to bind non-specifically to the filters with binding parameters similar to those of the low affinity binding sites for histamine.
Mechanisms of histamine-induced internalization of H 1 -receptors
Since it has been shown that histamine-induced internalization of H 1 -receptors is inhibited under hypertonic conditions in astrocytoma cells, H 1 -receptors are considered to be internalized via clathrin-dependent mechanisms upon stimulation with histamine (15) . The results obtained in this study that histamine-induced internalization of H 1 -receptors was inhibited by ZnCl 2 suggest that GRK-mediated mechanisms may result in clathrin-dependent internalization of H 1 -receptors. These observations are consistent with our recent findings obtained in Chinese hamster ovary (CHO) cells on the involvement of GRK/clathrin-dependent mechanisms in histamineinduced internalization of H 1 -receptors (23) . They are also in good accordance with the finding that GRK2 is (17, 18) , human embryonic kidney (HEK293) cells (20) , and human myometrial smooth muscle cells (21) , although human histamine H 1 -receptors, which were tagged with Myc at the Nterminal and green fluorescent protein (GFP) at the Cterminal, are reported to be internalized via clathrin-independent and raft-dependent mechanisms in CHO cells (19) . However, further investigations using siRNA not only for GRKs but also for arrestins might be necessary to clarify the involvement of these proteins in G protein coupling and/or internalization of H 1 -receptors.
In sharp contrast to the predicted roles of GRKs in the internalization of H 1 -receptors, there is no evidence that other protein kinases, such as CaM kinase II and protein kinase C (PKC), are involved in histamine-induced internalization of H 1 -receptors (15, 23) ; instead, phosphorylation of H 1 -receptors by CaM kinase II and PKC appears to mediate their subsequent down-regulation (17, 18, 23) .
Internalization-independent conversion of high affinity sites for histamine to low affinity sites in intact cells
It is believed that the high affinity binding site for agonist represents a ternary complex of agonist / receptor / G protein and that uncoupling of receptors from G proteins accordingly causes the loss of high affinity binding sites for agonists. We therefore examined how the affinity of histamine for H 1 -receptors might be affected by GppNHp-induced uncoupling of receptors from G proteins. It was found that even in membranes prepared from control cells, the affinity of histamine for H 1 -receptors was not changed by GppNHp, in sharp contrast to our previous findings of GppNHp-induced changes in the affinity of carbachol for muscarinic receptors in smooth muscle (32) and those in the affinity of dopamine for Gi protein-coupled dopamine D 2 -receptors in CHO cells (data not shown). These results suggest that the affinity of histamine for H 1 -receptors might not be clearly regulated by G proteins in astrocytoma cells. G protein-mediated regulation of agonist affinity may become obscure if receptors exist in a separate form from G proteins and the coupling between agonist-occupied receptors with G proteins is transient. Since it is considered that the amount of G protein subtypes coupled with the receptors affects the extent of receptor-G protein coupling and that Gq proteins are expressed to a lesser extent than Gi proteins (33, 34) , the lack of G protein-mediated regulation of the affinity of histamine for H 1 -receptors in astrocytoma cells might be possibly due to a low level of Gq proteins expressed. Nevertheless, these results may well account for our observation that, even if GRK/arrestin-mediated uncoupling of H 1 -receptors from G proteins had occurred, H 1 -receptors retained their affinity for histamine when their internalization was inhibited. Thus, the loss of a high affinity binding site for histamine appeared to be predominantly induced by receptor internalization rather than by their uncoupling from G proteins. These are consistent with our previous finding that the affinity of non-sedative antihistamines for H 1 -receptors is regulated by their internalization (24) . On the other hand, our previous study with astrocytoma cells showed that interconversion between high and low affinity sites for histamine was caused by histamine pretreatment within 1 min via mechanisms dependent on CaM kinase II and PP2B before the internalization of H 1 -receptors was initiated. Thus, it appears that internalization-independent interconversion of high and low affinity sites for histamine occurs via CaM kinase II / PP2B-dependent mechanisms at the early stage, whereas internalizationdependent conversion occurs via GRK/clathrin-dependent mechanisms at a later stage, depending on the developing stage of desensitization.
Possible roles of histamine-induced conversion of high affinity sites for histamine to low affinity sites in intact cells
It was revealed that the affinity of H 1 -receptors for histamine was not changed by histamine pretreatment when their internalization was inhibited; however, desensitization in histamine-elicited Ca 2+ responses was still observed under hypertonic conditions (16) ; therefore, it is considered that the cell surface H 1 -receptors are desensitized, possibly via uncoupling from G proteins, with essentially the same affinity for histamine as non-stimulated receptors and that desensitized H 1 -receptors are delivered from the cell surface to intracellular compartments. Since receptor internalization is regarded as a resensitization mechanism (35 -37), internalization-mediated conversion of high to low affinity sites for histamine may function as safety mechanisms for the subsequent resensitization processes by inhibiting the desensitizing histamine from easily binding to internalized H 1 -receptors.
Conclusions
Taken together with our previous findings, the affinity of histamine H 1 -receptors for histamine is thought to be dually regulated by internalization-independent and -dependent mechanisms, depending on the developing stage of desensitization. We emphasize that such elaborate regulation of the agonist affinity for G protein-coupled receptors may play a crucial role in cellular homeostasis.
